fracture [5] , reducing the degradation processes and reaching satisfactory hydrolytic stability [6] .
The effectiveness of treatment with fillers depends on the nature and amount of the coupling agent, and the composition, size and distribution of the fillers. Although titanates and zirconates can be used as coupling agent, organosilanes, such as γ-methacryl oxypropyltrimethoxysilane (γ-MPS), are those most commonly used. In resin composite systems the organo-functional polymerizable group forms a covalent-bond with the polymerizable monomer groups (vinyl groups or -C=C-) during composite polymerization in the dental office. Furthermore, after activation (hydrolysis), the three chemically labile hydrolyzable alkoxy groups, become intermediate silanols (Si-OH) and condense around the fillers linking to superficial hydroxyls groups and forming covalent bonds (oxane bond formation, Si-O-Si) [7] .
Nowadays, several types and sizes of fillers have been used in dental composites. Micro-sized barium borosilicate glass fillers are widely used in conventional composite resins, resin-based luting cements and resin-modified glass ionomers. These microfillers may also have different dimensions that require adequate amounts of silane for pre-determined surface areas.
The optimal concentration of silane molecules in the siloxane bridge can be investigated using a mechanical test [7] . When the fillers are treated with a higher percentage of silane than is necessary, they may undergo chemical deterioration. In addition, insufficient filler coating increases the composite viscosity, leading to non-uniform filler dispersion with weak bonds to the organic matrix, resulting in a composite with lower mechanical and physical properties [8] . Furthermore, in the oral environment composite resins can absorb water and release chemical compounds. The water sorption and solubility phenomenon are associated with physical changes such as plasticization, swelling and chemical changes such as oxidation and hydrolysis [9] . Thus, the hydrolysis of the silane coupling agent is widely accepted as one of the main causes of composite material degradation [10, 11] , leading to a shortened service life of dental restorations.
In dentistry, the concentration of ready-to-use silanes varies between 0.5 and 5 vol % [8] . However, there is no consensus in the literature about the optimal silane percentage weight for microfiller treatment, since there is conflicting information about the adequate arrangement of the silane molecules according to the surface area of the inorganic particle [12] . Therefore, the aim of this study was to investigate whether different concentrations of silane (γ-MPTS) in the treatment of microfillers in the experimental composite resins (ECR) would change the properties evaluated. The null hypothesis tested was that different silane contents (wt%) would not influence the flexural strength, Young's modulus, water sorption and water solubility of the ECRs.
Methods

Formulation of the experimental composite resin (ECR)
The experimental resin blends were formulated by mixing the monomers 2,2-bis[4-(2-hydroxy-3-methacryloyloxypropyl)phenyl]-propane (BisGMA) and triethylene glycol dimethacrylate (TEGDMA) obtained from Esstech Inc. (Essington, PA, USA), which were used in 60/40 wt% ratio. To make the materials light polymerizable, a binary light polymerizing system formed of 0.4 of camphorquinone (CQ, Esstech) and 0.8 (wt%) of ethyl 4-dimethylaminobenzoate (EDAB, Fluka, Milwalkee, WI, USA) were dissolved in the co-monomers. The reagents were used as received without further purification.
The barium borosilicate glass fillers (average particle size of 4 µm, Esstech Inc., Essington, PA, USA) were silanized by gamma-methacryloxypropyltrimethoxysilane (γ-MPS, Aldrich Chemical Co., Milwalkee, WI, USA) according to the percentage weight of silane: 0, 1, 3, 5, 7 and 10 (wt%). The fillers were added in an acetone (Labsynth Ltda., Diadema, SP, Brazil) solution containing γ-MPS and a slurry was formed. The mixture was stored for 24 h at 37 °C to assure the complete solvent removal. After storage, the fillers were sieved through a 150 μm sieve and kept in a sonication device for 10 min for de-agglomeration. The sieved fillers were added to the resin blend, 60 % by weight, and mechanically mixed with a motorized mixer (stirring). In order to assure the adequate dispersion of the fillers and decrease air voids, the ECR were ultrasonicated for 1 h. As a control group, monomer content without fillers was used.
Flexural strength and Young's modulus
Flexural strength (FS) and Young's modulus (E) were obtained by the mini-flexural test. Seventeen bar shaped specimens were made of each experimental ECR, using a metal mold with internal dimensions of 12.0 (±0.1) mm length, 2.0 (±0.1) mm width and 2.0 (±0.1) mm thickness. The mold was placed on a glass slide and a Mylar strip and filled with the uncured samples, which were inserted in a single increment. Another Mylar strip was placed on the mold and pressed against it with a glass slide to remove excess material before polymerization. A LED light-curing unit (Radii, SDI, Bayswater, Victoria, Australia) with irradiance of approximately 1000 mW/cm 2 was used. The LED light intensity was measured with a radiometer Model 100 (Demetron Research Corp., Danbury, CT, USA) before use. The experimental resin luting cements were light polymerized for 40 s in two consecutive points, producing a partial overlapping. The excess material in the corner was carefully removed with a scalpel blade and the specimens were stored at room temperature for 7 days. After storage, the samples were submitted to a three-point bending test using a universal testing machine (DL-500, Emic, São José dos Pinhais, Brazil) at a crosshead speed of 1 mm/min. The maximum load was obtained in N. and the flexural strength (FS) was calculated in MPa using the following:
where F is the maximum load (in Newtons); L is the distance between the supports (in millimeters); B is the width of the specimen (in millimeters) and H, the height (in millimeters). The Young's modulus (E) was determined in GPa, as follow;
where F is the maximum load; L is the distance between the supports; B is the width of the specimen, H is the height of the specimen, and d is the deflexion (in millimeters) corresponding to the load F.
Water sorption and solubility
Water sorption and solubility were determined based on the ISO 4049:2000 specification [13] except for the disc dimensions and number of specimens. Seven disc shaped specimens were obtained from an aluminum mold between two glass slides covered with polyethylene film. Specimens were 6.0 mm in diameter and 1.0 mm thick. After removing the glass slide, the specimens were irradiated with a LED light-curing unit (Radii, SDI, Bayswater, VIC, Australia), with exposure of 40 s on both top and bottom surfaces. Immediately after polymerization, the specimens were placed in a desiccator containing freshly dried silica gel and calcium chloride. After 24 h, the samples were removed, stored in a desiccator at 23 °C for 1 h and weighed on a balance with a precision of 0.01 mg (AUW220D, Shimadzu, Kyoto, Japan). This cycle was repeated until a constant mass (m 1 ) was obtained. Thickness and diameter of the specimens were randomly measured at five points using a digital caliper, rounded to the nearest 0.01 mm, and these measurements were used to calculate the volume (V) of each specimen (in mm 3 ). The discs were immersed in distilled water at 37 °C for 7 days, then removed, blotted dry and weighed (m 2 ). After weighing, the specimens were dried again inside a desiccator and weighed daily to record a third constant mass (m 3 ) as previously described. For each disc, the data of water sorption (WS) and solubility (SL) were calculated using the following formulae:
Statistical analysis
The flexural strength, Young's modulus and water sorption data were submitted to Kruskal-Wallis and Student-Newman-Keuls test for multiple comparisons. Data for solubility was submitted to one-way ANOVA and the Turkey test for multiple comparisons between groups. The level of significance was set at p < 0.05.
Scanning electron microscopy MEV
The materials were dissolved in ~20 mL of acetone solution (Vetec, Rio de Janeiro, Brazil), the suspension was sonicated for 25 min and pipetted onto silicon wafers. Samples were mounted on stubs and sputter coated with gold before being analyzed by scanning electron microscopy (SEM) at 15 kV (SSX-550; Shimadzu, Tokyo, Japan).
Results and discussion
Flexural strength, Young's modulus, water sorption and solubility mean values of the ECR are shown in Table 1 . The statistically highest FS was obtained when the microfillers were treated with 3 % silane (p < 0.05). The micro-filler treatments with 1, 5, 7 and 10 % silane concentrations resulted in ECR with a similar behavior and presented higher FS than the unfilled resin blend. The addition of micro-fillers without previous silanization showed the statistically lowest FS (p < 0.05). In comparison with the micro-filled ECR, the unfilled resin blend presented the lowest E (p < 0.05). When fillers without silanization, or 1 % presalinized fillers were added to the resin blend the E obtained was statistically higher than it was in the other ECRs. In addition, the FS and E could not be improved when silane concentrations higher than 5 % were used.
The combination of monomers and glass filler components favored the development of many composite dental materials suitable for different clinical applications such as conventional restorative composite resin, resin-based luting cements, filled adhesive systems and resin-modified glass ionomers. The integration and adhesion between inorganic fillers and the organic matrix is a key factor in achieving good physical-mechanical properties and decrease in hydrolytic degradation [8, 14] .
To be effective, the amount of silane absorbed by the filler surface must be optimal [15] . Incomplete silane coating or thicker layers leads to inadequate bonding with the organic matrix and consequently a reduction in the mechanical properties [16, 17] . According to findings of present study, it was demonstrated that the percentage of γ-MPS used in the micro-filler silanization can significantly influence some of the properties evaluated. Thus, the null hypothesis was rejected. The treatment with 3 % of silane (γ-MPS) on barium borosilicate glass fillers presented the highest flexural strength, while it showed lower Young's modulus than the group treated with 1 % silane coupling agent.
These results can be explained by the formation of an adequate covering layer of the microfillers producing an interfacial bond with continuous stress distribution between fillers and matrix. The optimal silanization results in a monomolecular coverage on a silica surface [16] . In this case, the carbonyl functionality has a hydrogen bonding interaction with surface silanols and the hydrolyzed trialkoxy has covalent surface linkages [7] . With the appropriate coupling agent, fracture of the ECR will not occur at the interface, but along the resin matrix [12] . It was demonstrated that the functional silane treated microfiller (γ-MPS) presents a positive effect on wear resistance, mainly when a high filler concentration (up to 30 % by vol) is used [12] . On the other hand, the flexural strength of the particles no-silaned group showed the lowest mean values. When fillers are added to the resin blend, without previous silane treatment allowing for bonding, these particles will act as internal defects, reducing the material strength.
In the groups treated with high amounts of γ-MPS (7 and 10 %), although this had no significant effect on the flexural strength, a decrease in Young's modulus (E) was observed when compared with the groups treated with 1, 3 % and control group. The Young's modulus is a mechanical property that describes the relative rigidity of the materials. The decreases in E observed suggest the loss of the ECR ability to relieve the excess of energy during elastic deformation. The Young's modulus is particularly important as regards composite resins indicated for use in posterior restorations, since composite resins can undergo excessive deformation and are more prone to catastrophic failures [18] . On the other hand in post-restored teeth, Young's modulus is not an important factor related to failure of the material [19] or endodontically treated teeth restored with composite resin core [20] . Moreover, Young's modulus represents overall features, not only those of silanization but also as regards the range of particle size, volumetric filler fraction and effectiveness of dispersion, as well as the technological processes used by manufacturers. Indeed these parameters are related to long lasting clinical evaluations of composite resins [21] . Moreover, the use of high silane concentration can be used as an approach to decrease viscosity in composite resins [15] formulations intending to improve handling in clinical use, however this approach should be considered carefully since it can impairs selected properties. When excessive amounts of silane are used in the treatment of fillers, a second layer is formed above the covalent linked silane layer, and prevents the direct formation of a bridge from the inorganic filler to the organic matrix, which weakens the composite resin [7] . Although E can serve as a measure of the debonded filler particle fraction, it is strongly dependent on both the filler concentration and particle size [22] . Concentration and particle size were controlled in present study by using the experimental formulation with similar particle size range confirmed by scanning electron microscopy (average particle size of 4 µm). Since different commercial products are tested and most composites are classified as hybrid due to the use of different sized glass particles, it is difficult to address the effect of different sinalization protocols when making comparisons of materials from different manufacturers.
The approach of filler silanization significantly decreases the WS patterns, when compared with absence of filler and Control group (p < 0.05). No-silaned micro-fillers group showed statistically higher WS mean (p < 0.05). Regarding SL, there was not significant differences among the micro-fillers silaned or no-silaned particles. However, the unfilled resin group present SL mean statistically higher than the micro-filled ECR (p < 0.05). The micromorphology of barium glass particles used in present study are shown in Fig. 1 . Fig. 1 Scanning electron microscopy image of untreated barium borosilicate glass fillers used in present study Although polymer networks are considered largely insoluble structures, with relatively high chemical and thermal stability, in the oral environment composite resins may absorb water and chemicals from the environment and release components into its surroundings. The water uptake (sorption phenomena) results in physical alterations, such as swelling and plasticization, and favors the hydrolytic degradation of polymers by chain scission, functional group cleavage by acids and oxidation [23] . In this study, the without silane ECR group, in which the microfillers were added without previous silane treatment, presented the highest water sorption mean (Table 1 ). This fact is the result of the strong attraction between the nude fillers and water molecules that penetrated into the polymer network. The free hydroxyls groups on the filler surface attract water forming hydrogen bonds (adsorption). On a lower scale, it is also possible that the water could cause the erosion of the filler particle surfaces [24] . In this study, when the micro-fillers were previously silanized a significant reduction in this phenomenon was observed, except for the 3 % silane group, which showed higher water sorption. Probably this percentage resulted in optimal microfiller coverage, forming a parallel monomolecular silane layer, and consequently reducing the number of free hydroxyls [16] .
In comparison with the silanized ERCs, the pure organic polymer (absence of filler group) demonstrated the highest degree of water sorption. Presumably, it is expected that pure resins present higher water sorption values than filled resins, once the inorganic fillers are practically inert and decrease the total volume of the organic matrix. Furthermore, this resin polymer presented the highest mean solubility value, while the filled ECRs showed a reduced loss of mass, with similar performance. The resistance to hydrolytic degradation with suitable silanization approach is supported for other studies [15] . The water uptake followed the Fickian diffusion kinetics [25] and reached approximately 1.0-1.6 % by volume [26] . During this process, water molecules diffuse into the polymer network reducing interchain interactions, such as entanglements and secondary bonding, creating a volumetric expansion called swelling. Moreover, polymer plasticization allows the elution of unreacted monomers, polymerization promoters, oligomers and their by-products, such as methacrylic acid and formaldehyde from the network, and may constitute a biological concern [23] . However microfillers are too large to diffuse through the polymer network, and are practically inert in water, which may explain the similar behavior between the filled ERCs.
In addition to optimized sinalization coating, the de-agglomeration and dispersion of fillers in resin are important factors that may reflects on physical-mechanical properties in composite resin [27] . In the present study 70 % ethanol was used to promote deagglomeration, and this protocol has been used in other studies [7, 27] . Ultrassonication and the supercritical coating [27] method also can be considered especially when there are significant amounts of nanoparticles present in the composition of the inorganic phase of composite resins.
Conclusions
Based on the results obtained in this study it can be concluded that the 3 % (by weight) of the silane (γ-MPS) was the most adequate percentage for the treatment of the barium borosilicate glass fillers with an average particle size of 4 µm, because it promoted improvement in the flexural strength of the experimental composite resin tested.
